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INVXSTIC2M?IONOFA THINWINGOFASPECTRATIO4

ITTTHEAMESXM?OOTIRESSUREWINDTUNNEL.

I – CHARACTERISTICSOTA PLAINWING

ByBenH. Johnson,Jr.

sJ’MwiRY

Wind-tunneltestshavebeenmadeof a semispanmodelofan
unswe@wingofaspectratio4 andtaperratio0.5atMachnumbers
up to 0.94to determineitsaerodynamiccharacteristicsas infl%
encedbyMachnmher,Reynoldsnumber,andmdificationof thebasic
disamndprofileby-roundingtheridge.Thebasicdiamondprofile
hada mximumthiclmessof 4.5percentofthechord.

Lift,drag,andpitchi~ment dataarepresentedforReynolds
numbersfrom2,000,000to10,lg0,000at a Machnumberof0.20and
forMachnunibersfrom0.20to 0.94at constantReynoldsnumbersof
3,000,000,2,730,000,2,000,000,and1,000,000.

Thedatapresentedhereinindicatedno severestatic-
longitudinal+tabilityproblemsup toa Machnuniberof0.94. There
wasa markedrearward movementoftheaerodynamiccenterat a lift
coefficientofapproximately0.4.IncreasingtheMachnumber
reducedtheliftcoefficientatwhichthisnmvementstarted.At
zerolift,thetotalmovementof theaerodynamiccenterwithMch
numberwasonlyabout7 percentof themeanaerodynamicchord.There
wasan increaseof 50percentinthelift+urveslopewithincreasing
Machnuniberup toa Machnumberof O.~. Thelif~urve slope
decreasedat higherMachnumbers.TheMch numberfordragdiver- .
gencewasindicatedtobe about0.85,theminhumdragincreasing
100percentbetweenthisMachznmiberand0.94.

At constantMachnumber,thedataindicateno appreciable
effectofdynamicscaleatReynoldsnumbersgreaterthan2,500,000.
At lowerRemoldsnumberswiththebasicdiamondprofile,therewere
hysteresiseffectsinthepitchi~manentcurvesnearzeroliftwhich
havebeenattributedtolaminarseparationintheproximityof the
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lineofmaximumthiclmess.Roundingthisridgefora distanceof
0.15chordeliminatedtheseeffectsatReynoldsnum%ersdownto
1,000,000.Roundtngtheridgealsodecreasedthemirdmumdragat
highMachnmibersandincreasedthemaximumlift+lragratioapprox-
ifitely10percent,huthadlittleeffect
istics.

INTRODUCTION

upontheliftcharaoter-

Thepresentrapiddevelopmentofairplanesandmissileswhich
areexpectedtoflyatMachnwibersof 2.0andalovehasfocused
increasingattentionon thecharacteristicsofunsweptwingswith
sharp+dgedprofiles.At theseMachnunibers,wingsweep,whichis
beneficialindelayingtheeffectsofcompressibilityas longas the
wingissweptbehindtheMachangle,isno longerstructurally
feasibledueto thelergeamountof sweeprequisiteto theattainment
of subcriticalflowoverthewing.A sharplypointedtriangularplan
formisstructurallyfeasible,butthelowvalueof lift+urveslope
resultingfromtheextremelysmallaspectratioisundesirableif
highwingloadingsme tobe employed.

Inorderto evaluatethecompressibilityeffectsatMach
numbersupto 0.94, a straightwingofaspectratio4 andtaper
ratio0.5hasbeentestedinthe12-foot.-pressurewid tael. me
basicwingprofilewasa symmetricaldoublewedgewitha maximum
thfc~ss of 4.5percentofthechord.Inadditiontothetestsat
highMachnumbers,theeffectofdynamicscalewasinvestigatedat
lowspeedsatReynoldsnumbersupto10,000,000.
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Thefollowingsymbolsareusedinthisreport:

liftcoefficient
()

lift
~

dragcoefficient
()

drag
y

pitching+nomentcoefficientaboutquarte=hordpointofthe
wingmeanaerodynamicchord yitchlement
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Reynoldsnumiber
\P/

mibum dragcoefficient

lift-curveslope *L

()x

angleofattackofw~hord plane,degrees

displacementthicknessofhoundsrylayer[~’(i-f)”l
wingarea, squsre feet

wingmeanaerodynamicchord,chordthroughcentroidofwing
setispanplanform,feet

localchord,feet

3

dymamicpressure,poundspersquarefoot
()
1P5P

massdensityofair, slugspercfiicfoot

localvelocityintunnel-allboundarylayer,feetpersecond

free-streamvelocity,feetpersecond

viscosityofair,slugsperfoot-second

speedof sound,feetpersecond

tunnel-wallboundary-layerthickness,inches

Perpendic* distancefromtunnelwall,inches

MODELANDAPHARATUS

ThetestswereconductedintheAmes,12–footpressurewindtunnel
whichisa closed—throat,variabltiensitywindtunnelwitha low
tur’buJencelevelcloselyapproachingthatoffreeah. Thetest
section,whichhasa nominaldiameterof 12feet,hasbeenmodified
by theadditionoffourequallyspacedflatsectionsof &foot chord.

.

.
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.

Sufficientpowerisavailabletochokethe-tunnelatallpressures,
lessthan0.47atmospheres,providingReynoldsnunibersatchoking

..,.,

upto1,900,000perfoot. Thedensityoftheairinthetunnelis .!
continuouslyvariablefrom1/6to6 timesatmosphericdensity,
permittingindependentvariationofReynoldsnumberandMachnumber.

A semispanmodelrepresentinga wingof asyectratioJ andtaper
ratio0.5wasusedinthisinvestigation.The50-percenMhordline
of thewingwasnormalto thefreestream,andthebasicairfoil
profilewasa symmetricaldoullewedgetitha maximumthicknessof
4.5percentof thechord.at 50percentofthechord.Themodelwas
constructedof solidsteelandhada rootchordof2 feetanda
semispanof 3 feet,as showninfigure1. Themodelwasequipped
withconstantihordleading+dgeandtrailing-edgeplainflayswhich
remainedunreflectedthroughoutthetestsreportedherein.

—
Thegaps

betweentheflapsandthewingwere0.015inchandunlessothenise
specifiedwereunsealed.

-—

Inadditiontotestsof thewingwiththebasicdiamondprofile,
testswereconductedwiththeridgeroundedfora distanceof15
percentof thelocalchord.Roundingoftheridgewasnecessarily
accompaniedby a decreaseinwingthickness.ratiofrom0=045to0.042.
Thesetwowingprofiles,hereinafterreferredtoasthesharp-ridge
profileandtheround-ridgeprofile,ares~owninfigure1.

Thesemispanmodelwasmountedverticallyinthewindtunnel,
thetunnelfloorservingasa reflectionplane.A photogmphofthe

w

modelinstallationisshowninfigure2.

‘Theturntableuponwhichthemodelwasmountedwasconnected .

directlytotheforce+neasuringapparatus.No attemptwasmadeto
removethetunnelboundarylayerwhich,at thelocationofthemodel,
hada displacementthickness8* of0.5inch.

CORRECTIONSTODATA

Thedatahavebbencorrectedfortheeffectsoftunnel-wall
interference,constrictionduetothetunnelwalls,andmodel-
supporttsreforces.

Themethodofreference1 hasbeenusedincorrectingthe
datafortunnel-wallinterference.Thefollowingcorrectionswere
added:

●

—
—

.
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.

“

&t =0.363Cq

d@ =0.0056CL2

lw~=o

Correctionsto thedatafortheconstrictioneffectsof the
tunnelwallshavebeenevaluatedby themethodofreference2. The
_tude of mese correctionsas appliedtotheMachnumberandto
thedynauiicpressure(measuredwiththewindtunnelempty)isillus-
tratedby thefollowingtable:

Corrected,
Machnumber

Uncorrected
lkchnumber

.

q,corrected
q,uncorrected

0.95
993
,90
.87
.85
.80
.70
.60
.50
.30

0.937
9W3
.897
.868
.848
●799
.700
.600
.500
.300

1.051
1.040
1.028
1.021
1.017
1.o12
1.008
1.006
1.005
1.000

.
Tez?ecorrectionsdueto theairforcesexertedon theexposed

areaoftheturntablehavebeenappliedto thedragdata. These
correctionswereobtainedfrommeasurementsmadewiththemodel
removedfromthetunnel.No attempthasbeenmadeto evaluatethe
interfere=eeffectsbetweenthenmdelandtheturntable.The
magnitudeof themeasureddragtaresvariedwithReynoldsnuriberand
hadthefollowingvaluesbasedon thewingarea:

Reynoldsnmber ~ Tare

1,000,000 0.0072
2,000,000 .0063
3,000,000 ●0059
6,000,000 .0057
10,000,000 .0056

TESTS

Lift,drag,andpitching+ucmentdatahavebeenobtainedas a

~
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functionofangleofattackforbothwingprofiles.Theangl=f-
attackrage waslimitedathighMachnuuibersby tunnelpowerand
modelstrength.Forthesharp-ridgeprofile,datawereobtainedfdr
kch numbersupto0.94and Reynoldsnmibersfrom750,000to 3,000)000.
At a Machnuniberof0.20,datawereobtainedtoa Reymoldsnumberof
lo,lgo,ooo.Fortheround+idgeprofile,datawereobtainedovera
rangeofMachrnxibersup to0.94anda rangeofReynoldsnuuiiersfrom
1,000,000to 2,730,000.Datawerealsoobtainedonthedxwp-ridge
profilewithtransitionfixedonboththeupperandthelowersurfaces
by l/h-inchstripsofnuniber60 Carborundumgrainsat twodifferent
chordwisepositions.Thesetwopositionswere:

1. JLLOnga lineperalleltoand1-11/16inchesaftofthe
leadingedge(14percentofthetipchordand7 percent
oftherootchord)

2. Alongthe&percenKhord line

.

II

RESULTS

Theeffectsoflkohnuniberontheaerodynamiccharacteristicsof
thewingwiththesharp-ridgeprofile=e prese@edfor~io~ ~ch _
nunibersupto 0.94infigures3 and4 forconstantReynoldsnmibers
of 3,000,000end2,000,000.TheeffectsofReynoldsnuniberandfixed
transitionarepresentedinfigures5, 6,7,and8 foroonstantMach
numbersof 0.20,0.50,0.80,and0.90.TheeffectsofMachnumber u

ontheaerodynamiccharacteristicsofthewingwiththeround-ridge
profilearepresentedatvariousMachnumbersupto 0.94infigures
9.10.and11forconstantReynoldsnumbersof 2,730,000,2,000,0m, .
-.Z

and1,000,000. IRrom
Reynoldsnumber,end

theseda~a,independenteffectsofMachnumber,
wingprofilemaybe evaluated.

DISCUSSION

TheEffeotsofMachNuniber

Thevariationoflift-curveslopewithMachnuniberispresented
infigure12. Thesedataindicatean increasein C~ with
increasingMachnuder toa maximum,ata Machnumberof 0.90,
approximately50percentgreaterthanthelow+peedvalue.At
higherMachnunibersjthereisa decreaseintheslope.These
compressibilityeffectsareckacteristicof unsweptwings.The
highvalueoftheMachnuriberforliftdivergenceisa directconse-
quenceofthesmallwingthiclmessandthelo=asyectratio.The

.
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*
valuet3of C% at
theoreticalvslues

7

highMachnunibersareconsiderablylessthanthe
indicatedby reference3. Thellftcurvesof

. figures3 through 1-1.indicateiowmsximumiiftcoefficients,anda
gentlestall.

Theyitchxment curvesoffigures3 through11 indicatea
inked rearwsrdmovementof theaerodynamiccenterata liftcoef-
ficientofap~roximately0.4. Theliftcoefficientatwhichthis
movementbegangenerallydecreasedwithincreasingMachnumber,
Thehysteresisi.ndicatedbythemomentcurvesof figuresk, 6,7,
and8 willbe discussedlater. ,

TheeffectofMachnunheron thelocationof theaerodynamic
centerat zeroliftisshowninfigure13. Thesedataindicatea
slightforwardmovementof theaerodynamiccenterwithincreasing
Machnumberto a maximumforwardyositionof 22 percentofthemean
aerodynamicchordata Machnumiberof0.85.BetweenMachnumbers
of 0.85andO.gOtheaerodynamiccentermovedaft,butathigher
Machnumbersa forwardmovementisagainindicated.Thetotal
movementoftheaerodynamiccenterbetweenMachnmnbersof 0.2and
0.94wasonlyabout7 -percentof themeanaerodynamicchord.
Examinationof thepitching+ncmentcurvesoffigures3 through7
revealsthatat lowliftcoefficientstheybecomenonlinearat
l@chnuuibersaboveabout0.80. Itthusbecomesdifficultto establish
thelocationof theaerodynamiccenterat thesehighsweds. Eowever,
fornonlinearmomentcurves,thelocationofthezero-liftaer-w
-c centerisno longerrepresentativeof thestabilitycharacter-
isticsofthewing.

Theeffectof~ch numberon theminimumdragcoefficientis
presentedinfigure14. Thesedataindicatea sizeableincreasein
minimumdragforI&chnunibersabove0.85.As discussedinreference4,
theindicatedMachnumberfordragdivergencemaybe lowduetothe
factthattheeffectofMch numberon theinterferencedragbetween
themodelandtheturntablewasneglectedintheevaluationofthe
dragtares.Z!hevalueofminimumdragincreased100percentas the
Machndber increasedfromO.85to 0.94. Thedragcurvesof
figures
number,

In

3 through11indicatea decrease,withti-reasingliach
intherateofchangeof dragwithMft.

TheEffectofReynoldsNumberandTransitionStrips

figure5,dataarepresentedforReynoldsnumbersof2,000,000,
5,720,000-and10,lg0,000at a constantWch rumiberof 0.20. These “

●
dataindicatethatforthewingwitha sharpridgethereislittle

~.
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b

effectofReynoldsnmiherat lowMachnumbers.”Thedataoffigures6,
7,and8,however,Indicateconsiderablehysteresisinthepitching
momentsat lowReynoldsnumbersforconstantMachnumbersof 0.50,
0.80,and0.90.Theseeffectswereel~nated by fixingthetransi–

*

tiononthewingandalsoby increasingtheReynoldsnumberwiththe
transitionfree. TheminimumReynoldsnumber,atwhichthehysteresis -
wasno longerapparent,increaseswitluincreasingMachnuuiber.From
theseobservations,itisdeducedthatthiseffectmaybe associated
withlaminarseparation,andthefactthattransitionstripswere
effectiveas faraftas 40percentofthechordindicatesthatsepsr~
tionwastakingplaceinthevicinityofthesharpridge.Theadverse
pressuregradientimmediatelyaftoftheridgeislargeforthis
profileandit isnotdifficultto conceiveof lamirmQoundary-
layerseparationtakingplaceat thisridge,evenat zerolift.

It isobservedthattheliftwaslittleaffectedby eitherthe
changesinReynoldsnumberor thefixingoftransition.Itmayalso
benotedthattherewasno consistenteffectofchangeinReynolds
numberupontheminimumdrag.

The31ffectofWingProfile

Onthehypothesisthatreductionoftheadversepressure
gradientintheproximityoftheridgewouldalleviatethelaminar
se~ation occurringatlowReynoldsnunibers,theridgeof thewing
wasrounded.Thatthesubstitutionofa roundridgeinplaceofa v

sharpridgewaseffectiveinpreventinglsminerseparationisevident
fromcomparisonofthepitching+umentourvesoffigures10aixl11
withthoseoffigures6,7,and8. Sincetheroundingoftheridge .
necessarilycauseda reductioninthethicknessratio,itistobe
expectedthatthecompressibilityeffectswoulddifferslightlyfor
thetwoairfoilprofiles.Thevariationsofthelift-curveslope
withMachnumber(fig.U) indicatea slightdecreaseinthepeak
valueforthethinnersection.Thevariationsofminimwndragwith
Machnumber(fig.14)showthatthinningthesectionslightly
increasedtheMachnumberfordragdivergence,anddecreasedthe
rateofdragrisewtthMachnumber.Thetinimumdragat lowMach
numberswassubstantiallythesameforbothprofiles.A comparison
ofthelif-ag ratios(fig.15)indicatesan increaseinthe
maximumliftairagratioof about10percentfromroundingtheridge.
Thesesaluteq effectsonthedragarepbobablydueto a combination
ofreducedthicknessandan alleviationof theadversepressure
gradientat theridgeline.

It Isof interesttonotethat,fora givenload,themaximum .-

.
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.
bendingstressfora solidwingwiththeroundridge is less than
fora wingwiththesharpridgedueto an increaseinthesection
modulus*. ,

Thefollowingconclusionshavebeendrawnfbomtheresults@
testsofthethinunsweptwingtiththediamondprofile:

1. At a &oh nuniberof 0.90=thelift+urveslopehadinoreased
to a maximum,approximately50percentgreaterthanthelow+peed
value●

2. Therewasa ?mrkedrearward nmvenwntof theaerodynamic
centeratliftcoefficientsof ap~oximetely0.4. Theliftcoef-
ficientatwhichthenmve~ntbegangenerallydeoreasedwithincreas-
ingMachnunher.

39 At zerolift,thetotalmove~ntoftheaerodymmic center
dueto compressibilitywasapproximately7 peroentofthemeanaero-
dynamicchord,themaximumforwardlooationbeing22peroentofthe
~an ae~c ~hordata Wh n~er of 0.80.

4. TheMaohntier fordragdivergencewasapproximately0.85.
Thevalueofminimumdraginoreased100perceptasthe~ch number

* inoreasedfrom0.85to 0.94.

5. me rateof rise of dragwithliftdecreasedwithinoreas-
. ingMachnumber.

6. Abow a Reynoldsnumberof 2,500,000,therewasnomeasured
effectofdynamicscale.

7. At lowReynoldsntiers,hysteresisofthepltohingmonwnt.
wasobserved.Thishysteresisisattributedtolaminarseparation
at thes- ridgeon thediamd airfoilseotion.Theminimum
Reynoldsnumberforalleviationof theseeffectsincreasedwith
increasingMaohnmiber.

8. Modificationoftheairfoilprofileby roundingtheridge
eliminatedthehysteresisinthepitchingmment atallMach
nmibers
profile
nmzbers

forReynoldsnunibersas lawas 1~000,000.Thisminor
modificationalsodecreasedtheminimumdragathighMach
andimreasedthemedxumlift-dragratioapproximately

— —
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10yercent,buthadlittleeffectupontheliftcharacteristics.

AmesAeronauticalLaboratory,
NationalAdvisoryConm&tteeforAeronautics,

MoffettFieid,Calif.
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All dimensions
Nose flap givenin inches
hingeLine. unlessotherwise

specified

note:Leading-and
trailing-edgeradii
are0.005.

~3.55/ (Constonfl

(Constunfl ~770ifing - edge
flop and uileron

hinge line.

Wingplan form
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G=. ~
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Origins/section, Sharp ridge

T .0/5 Constuntgup L
R*1.686C

j
.50C .042C 5.1”

/
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Xi -~
Modified section, round ““

FigureL-Semispanmodelof o wing of
tested in the /2-foot pressure
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uspectratio 4,
windtunne/.
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~igure 2.-Senv’spanmodel of o wing of ospect rutio 4
the 12-foof pressure wind tunnel.
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